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Abstract
To investigate the putative role of the photoreceptor connecting cilium in the delivery of opsin to forming discs and in the maintenance of membrane domains (Besharse, J. C., and K. H. Pfenninger (1980) J. Cell Biol. 87: 451-483), we have studied developing photoreceptors of neonatal rats during the period of initial disc formation using conventional freezefracture, immunocytochemistry, and lectin cytochemistry. Specific anti-opsin-binding sites were localized in the distal cilium, the developing outer segment plasma membrane, and at focal sites on the inner segment plasma membrane at all developmental stages examined, including the period prior to the onset of disc morphogenesis.
The proximal ciliary shaft generally lacked anti-opsin-binding sites or exhibited them in extremely low density. The distribution of anti-opsinbinding sites corresponded in a general way to the distribution of large intramembranous particles (IMPS) in freezefracture replicas like those seen in the rod outer segment (ROS). The proximal zone corresponded in freeze-fracture images to a zone of consecutive horizontal rows of intramembrane particles (ciliary necklaces) and axoneme-membrane cross-linkers.
Although protoplasmic face leaflet IMPS similar to those of the distal cilium and outer segment were less abundant in the inner segment and proximal cilium than in the distal cilium and ROS, they were detected in these zones at low frequency.
Cytochemistry with concanavalin A and wheatgerm agglutinin revealed the presence of a well developed glycocalyx in the proximal zone. Although opsin binds both lectins, the results suggest heterogeneity among the glycoconjugates of the three membrane domains. Our data define distinct membrane domains of the developing photoreceptor cilium that have important implications for the mechanisms for delivering and sequestering opsin in the outer segment. They also establish that the mechanism of opsin delivery to the distal zone occurs well in advance of the period of disc morphogenesis.
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Retinal photoreceptors provide a unique opportunity for the study of neuronal polarity related to membrane turnover and the formation of functional membrane domains. The membranous rod outer segment @OS) consists of photosensitive discs surrounded by a plasma membrane and is connected to the cell body by a non-motile cilium (Rohlich, 1975) . The dominant intrinsic protein of the ROS is opsin, the apoprotein of visual pigment (Hall et al., 1969) . Whereas opsin is largely restricted to the ROS (Jan and Revel, 1974; Papermaster et al., 1978) an Na+/K+ ATPase responsible for generation of the photoreceptor dark current (Hagins, 1972 ) is restricted to the inner segment (Stirling and Lee, 1980) . The zone of demarcation separating these distinctive membrane domains appears to be in the region of the connecting cilium.
Throughout life the ROS turns over by a process involving assembly of new discs from ciliary plasmalemma, their transport distally, and their eventual loss from the ROS distal tip (Young and Bok, 1969; Young, 1976) . Opsin and other membrane components are synthesized in the inner segment, transported to the periciliary region, and rapidly consumed in the process of disc assembly (Young, 1967; Young and Droz, 1968; Papermaster et al., 1975) . Opsin is a transmembrane glycoprotein (Fukuda et al., 1979; Hargrave, 1982 ) that is initially synthesized on rough endoplasmic reticulum (RER) (Young and Droz, 1968; Hall et al., 1969) . It is cotranslationally inserted into RER membrane (Goldman and Blobel, 1981) and then transferred to the Golgi complex for further processing prior to transport to the cilium (Papermaster et al., 1978) . Throughout its sojourn in the cell, opsin appears to be associated with membranous organelles. A fundamental question for which only provisional data are available relates to the mechanism of delivery and concentration of opsin in the ROS while maintaining the distinctive properties of inner and outer segment membranes.
Recent morphological, freeze-fracture, immunocytochemical, and autoradiographic data (Holtzman et al., 1977; Kinney and Fisher, 1978; Papermaster et al., 1979 Papermaster et al., , 1985 Besharse and Pfenninger, 1980; Besharse and Forestner, 1981; Defoe and Besharse, 1985) have identified a population of smooth membranous vesicles and cisternae in the periciliary region as the principal organelles of opsin transport to the site of disc assembly. The events occurring in the ciliary region that lead to disc morphogenesis are less well defined. Largely on the basis of freeze-fracture analysis we have suggested that opsin-containing vesicles fuse with the inner segment plasma membrane near the cilium and that membrane components destined for incorporation into discs are transferred to the disc-forming region via the ciliary plasmalemma (Besharse and Pfenninger, 1980) . The elaborately developed periciliary ridge complex of frog photoreceptors may play a role in exocytotic fusion and shunting of components into the cilium (Andrews, 1982; Peters et al., 1983) . Such a mechanism implies that the ciliary region is capable of concentrating membrane components distally against a concentration gradient and restricting the lateral mobility of those components in order to maintain the distinctive characteristics of inner and outer segment membranes.
To analyze further the role of the cilium in these processes, we have carried out a morphological analysis of the cilium of neonatal rats using freeze-fracture, immunocytochemistry with anti-opsin, and lectin cytochemistry. We chose neonatal rats for these studies because the entire process of ROS formation occurs postnatally (Weidman and Kuwabara, 1969; Galbavy and Olson, 1979) and because the small size and high density of photoreceptors in their retinas enabled us to observe large numbers of cilia in sections. Our principal results are that the ciliary plasma membrane consists of distinct proximal and distal domains with unique structural properties and that those domains have different binding affinities for anti-opsin and lectins. Even during the period prior to disc formation opsin is concentrated in the distal region from which discs form. The results suggest that the unique proximal zone of the cilium plays a role in transport of opsin to the distal cilium, as well as the maintenance of distinct membrane domains.
Materials and Methods
Animals and fixation of retinas. Fisher strain rats were obtained at 3, 5, 6, 7, 9, 11, and 15 days of postnatal development; three additional experiments were carried out on 3-day-old Sprague-Dawley rats. It is important to point out that we studied photoreceptors at postnatal days 3, 5, 7, and 9 most intensrvely. At later stages, when ROS had developed, we encountered difficulty in obtaining uniform penetration of reagents into the spaces between photoreceptors. Poor penetration was directly related to the presence of an anionic interphotoreceptor matrix which was difficult to remove by simply washing retinas in a buffer (Defoe et al., 1982; Wood et al., 1984) . Animals were sacrificed by cervical dislocation and eyes were removed surgically. After removal of the cornea, iris, and lens, retinas were dissected from eye cups in 0.01 M phosphate buffer containing 0.14 M NaCl at pH 7.2 (PBS). They were then washed in three changes of PBS (30 min) before fixation. In some experiments dissections were carried out in Earles' balanced salt solution (Gibco Laboratories, Grand Island, NY) with or without 0.02% bovine serum albumin (BSA) obtained from Sigma Chemical Co. (St. Louis, MO). This salt solution was gassed with 95% 02/5% CO2 to obtain an equilibrium pH of 7.5. Retinas subsequently used for lectin cytochemistry or conventional freeze-fracture were fixed for 1 hr on ice in a mixture containing 2.5% glutaraldehyde, 2% paraformaldehyde and 0.065 M phosphate buffer at pH 7.4. Those used in immunocytochemistry were fixed in 1.25% glutaraldehyde in the same buffer. Fixed retinas were washed in PBS (twice for 10 min) and in PBS containing 1 mM glycine (once for 5 min) to neutralize any available aldehyde groups from glutaraldehyde. For purely structural analysis some preparations were fixed in a mixture of glutaraldehyde-saponin and tannic acid according to the procedure of Maupin and Pollard (1983) . This was particularly useful in clarifying structural details of the proximal cilium.
Freeze-fracture. Retinas used for freeze-fracture were gradually infiltrated with 25% glycerol in 0.065 M phosphate buffer and then frozen on goldnickel specimen supports in Freon 22 cooled with liquid nitrogen. They were stored in liquid nitrogen until fracturing in a Balzers 400T freeze-fracture unit. They were fractured at -116°C under a vacuum of 51 x 10e6 torr and were etched 30 set before evaporation of platinum from an electron beam gun. Replica thickness (-2.0 nm) was controlled automatically with a quartz crystal thin film monitor. Replicas were backed with about 25 nm of carbon before transfer to 2.0 M NaCI. The NaCl solution was gradually replaced with Chlorox to remove tissue, and after washing, replicas were picked up on Formvar-coated grids for microscopy. For quantitative analysis of intramembrane particle (IMP) density we used a transparent overlay divided into a grid of squares calibrated to represent an area of 0.01 pm* on study prints with a final magnification of X 100,000. IMPS were measured (i.e., greatest shadow width perpendicular to shadow direction) to the nearest nanometer on the same prints using a micrometer mounted in a X 7 hand lens. hnunocytochemistry with Anti-opsin. Retinas were first washed in 0.1 M Tris-HCI (pH 7.4) containing 1% BSA (Tris-BSA) prior to carrying out an indirect localization procedure. All reagents were prepared in Tris-BSA. We used affinity-purified, biotinylated sheep anti-bovine opsin IgG at concentrations of 0.03 to 0.18 mg/ml as the first stage ligand. This antibody has been characterized extensively (Papermaster et al., 1978) and was generously provided by Dr. David S. Papermaster. Purification was carried out with purified bovine opsin coupled to sepharose (Papermaster et al., 1978) . It was biotinylated using N-hydroxysuccinimide ester, according to the procedure of Heitzman and Richards (1974) and was detected by avidin-ferritin prepared by the method of Heitzman and Richards (1974) or obtained directly from Vector Laboratories (Burlingame, CA).
To examine antibody specificity under conditions similar to those of our immunocytochemistry experiments we separated proteins of a crude preparation of rat outer segments prepared as in the preceding paper (Defoe and Besharse, 1985) or whole retina on 8 to 18% polyacrylamide gradient gels using essentially the method of Laemmli (1970) . lmmunoreplicas were prepared and stained using the procedures described in the preceding paper (Defoe and Besharse, 1985) . The only protein staining specifically in any of the immunoreplicas was opsin (37,000 daltons) and its dimer, trimer, and tetramer. The latter characteristically form in our discontinuous SDS-polyacrylamide system.
Controls for specific binding of anti-opsin in the immunocytochemistry experiments were carried out in each separate labeling experiment. These involved use of biotinylated IgG of the preimmune serum at the same IgG concentrations as those for specific IgG followed by avidin-ferritin, or treatment with avidin-ferritin without prior treatment with antibody. Ferritin grains were rare on tissues treated by either procedure. After labeling with antiopsin or preimmune serum for 90 min, retinas or retina pieces were washed in Tris-BSA (three times for 20 min) and then incubated 120 min in Tris-BSA containing 0.033 mg/ml of avidin-ferritin. Avidin-ferritin at 0.2 mg/ml was used in one experiment on 3-day-old Sprague-Dawley rats and yielded the same result as that seen with the lower concentration used in most experiments. Retinas were then washed again in 0.15 M NaCl with 1% BSA (three times for 20 min), fixed in 2.5% glutaraldehyde in 0.065 M phosphate buffer, washed in the same buffer containing 0.2 M sucrose, and then postfixed in 1% OsO., for 1 hr. Tissues were subsequently dehydrated with ethanol and propylene oxide and embedded in a mixture of Epon 812 (or Embed 812) and Araldite. Thin sections (silver) were analyzed at the Philips 400 electron microscope after staining with bismuth subnitrate (Ainsworth and Karnovsky, 1972) or lead citrate (Reynolds, 1963) and uranyl acetate (Watson, 1958) . Bismuth staining enhanced contrast of ferritin grains but provided less contrast of tissue and cell coat.
Cytochemistry with lectins. Lectin binding was analyzed by both direct and indirect procedures. For direct labeling, ferritin conjugates of concanavafin A (Con A) or wheatgerm agglutinin (WGA) were obtained from E-Y Laboratories (San Mateo, CA). Fixed tissue was incubated in PBS containing the conjugate at concentrations from 0.3 to 1 .O mg/ml for periods of 30 to 110 min followed by washing and processing as described above for immunocytochemistry. For localization of unconjugated lectins with colloidal gold, native lectins obtained from E-Y Laboratories were prepared in PBS at concentrations of 0.25 to 1.0 mg/ml. Tissue was incubated for 90 min in lectin solution and were then washed in 0.1 M phosphate buffer at pH 7.4 (three times for 10 min). Colloidal gold (20 nm in diameter) was prepared from chloroauric acid (Polysciences, Warrington, PA) and was coated with horseradish peroxidase (HRP; type II, Sigma) or ovomucoid (Sigma) by the procedures of Geoghegan and Ackerman (1977) . HRP-gold and ovomucoid gold, used respectively for detection of Con A and WGA, were suspended in 0.1 M phosphate buffer containing 4% polyvinylpyrrolidone and 0.02% polyethylene glycol (PBP). Lectin-labeled tissues were incubated in the appropriate colloidal gold suspension for 30 min to 12 hr, washed in PBP (three times for 10 min), and then processed for microscopy as described under "Immunocytochemistry with anti-opsin." We have also used biotinylated Con A (Vector Laboratories) at 1 mg/ml which was detected with avidinferritin (see above). The procedure was essentially that described under "lmmunocytochemistry with anti-opsin" except that solutions were prepared in PBS instead of Tris-BSA.
Controls for specificity of labeling were carried out with each experiment. In direct labeling procedures incubations were carried out in solutions containing 0.1 M o-methylmannopyranoside (Polysciences) or N,N'-diacetylchitobiose (Polysciences or Sigma) as hapten sugars for Con A and WGA, Figure 7 . Thin sections of photoreceptor cilia from 7-day-old rats illustrating longitudinal differences in the ciliary membrane. Tissue was fixed by the tannic acid-saponin-glutaraldehyde method (Maupin and Pollard, 1983) . Sections were stained with uranyl acetate and lead citrate. A, Longitudinal section through the full length of the cilium and part of the inner segment. Arrows indicate the region referred to in this paper as the proximal zone. B and C, Crosssections from the distal to the middle region of the cilium. D, Cross-section in the proximal zone. Arrows indicate the region of axoneme-membrane crosslinks. Note that detergent disruption of the plasma membrane was more extensive in the distal cilium and inner segment. Magnification, A: x 72,250; B: x 117,ooO; C and D: x 119,000. Figure 2 . Freeze-fracture replicas of the ciliary regron of photoreceptors of 6-(C), 7-(A), and g-day-old rats (B). Shadows are white and shadowing direction is from the bottom. Large arrows rndrcate IMP clusters and small arrows indicate IMP rows of ciliary necklaces. Note that multiple ciliary necklaces as in B were readrly detected in all replicas of the EF leaflet. Crliary necklaces were more vanable in both distinctness and number on PF leaflets. EF, extracellular fracture leaflet; PF, protoplasmic fracture leaflet. Magnification X 75,000. Figure 3 . Size frequency distribution of PF leaflet IMPS in three different membrane domains (top: inner segment, proximal cilium, and distal cilium-ROS) at three developmental stages (left: 5 to 6 days, 9 days, and adult). The density value with each histogram is the average IMP density per square micrometer + standard error. In I the IMP distribution in fractured discs is superimposed (dotted lines) over that for outer segment plasma membrane (so/id lines). IMP in discs is given parenthetically. The higher density in discs is due to the lack of IMP-free patches in disc membranes and their presence in plasma membrane. Data in C and F are based entirely on distal ciliary membrane or plasma membrane of budding outer segments. Frequency distributions are based on samples as high as 353 IMPS (D) to as low as 79 IMPS (E) and represent pooled data from many photoreceptors in each domain. The number of measurements in E was limited by a lack of fractures through the appropriate region.
respectively. For the indirect procedures the same hapten sugars were used to block binding of the first stage ligand. Both colloidal gold and avidin-ferritin were also used without the first stage ligand to test for nonspecific binding of the detector. The hapten sugars reduced surface labeling to a negligible level, and nonspecific binding of the second stage detectors was virtually absent.
Results
Structure of the developing cilium. Cilia were present on virtually all photoreceptors on the third postnatal day, but disc formation was not seen in any preparation until day 5. As described previously by others (Tokuyasu and Yamada, 1959; Galbavy and Olson, 1979; Greiner et al., 1981) outer segment development initially involved formation of a bulbous expansion of the distal cilium which contained irregular discs. Thin section images of developing photoreceptors even prior to the formation of discs revealed the existence of three distinct membrane domains; inner segment plasma membrane, proximal cilium, and distal cilium. These regions were particularly evident in retinas fixed with the glutaraldehyde-saponin-tannic acid technique which enhanced structural detail in the proximal ciliary region (Fig. 1) . The proximal cilium exhibited an array of globular membrane structures (Fig. 1A ) and axoneme membrane crosslinkers. The latter were most easily detected in cross-section (Fig.   ID) , where they typically appeared as Y-shaped structures with a broad zone of attachment to the membrane. Saponin in the fixing solution readily disrupted both inner segment (Fig. 1A ) and distal ciliary (Fig. 1, B and C) membranes. In the distal cilium, doublet microtubules of the axoneme diverged, axoneme-membrane crosslinks were less readily detected, and the membrane bilayer exhibited a greater degree of disruption.
Additional structural distinctions of inner segment, proximal cilium, and distal cilium were revealed in analysis of IMPS of freeze-fracture replicas (Fig. 2) . The distal ciliary membrane as early as day 5 contained densely packed IMPS on protoplasmic face (PF) leaflets which were similar in size distribution to those of the outer segment plasma membrane and discs of mature photoreceptors (Fig. 3) . The principal developmental change was an increase in the frequency of IMPS of about 10 nm diameter in the adult. The significant decrease in density in adults was due to the existence in adult photoreceptors of expanses of IMP-free areas in the outer segment plasma membrane. These IMP-free areas, described previously as regions enriched in cholesterol (Andrews and Cohen, 1979) represented a significant proportion of outer segment plasma membrane. Their inclusion in the random sampling procedure resulted in an overall decrease in IMP density compared to discs in which IMP-free Figure 4 areas were not detected (cf. Fig. 3) . Although a broad range of IMP sizes was detected at the early stages of development (Fig. 3 , C and F), discrete classes of IMP sizes such as those reported for developing mouse outer segments (Olive and Recouvreur, 1977) were not detected.
The IMP density and size distributions seen in the distal cilium and outer segment are similar to those reported previously for opsincontaining membranes (see Besharse and Pfenninger, 1980) . This IMP pattern differed from that in the proximal cilium and inner segment where a bimodal distribution was routinely seen (Fig. 3) . In many preparations, large IMPS similar to those of the outer segment or distal cilium were found largely as aggregates surrounded by dispersed IMPS of smaller size ( Fig. 2A) . This pattern was particularly evident in the inner segment plasma membrane ( Fig. 2A) . In both inner segment and proximal cilium the bimodal distribution of IMP sizes exhibited peaks at IO and 7 to 8 nm (Fig. 3) . The principal developmental change was an increase in inner segment IMP density between days 5 and 9 which involved particles primarily of smaller size (cf. Fig. 3, A and D) . The fluctuations in average IMP density in the proximal cilium (Fig. 3, B , E, and H) may have involved sampling error since relatively fewer fractures revealed this membrane domain, particularly in the sample at 9 days (Fig. 3E ).
An additional feature of the.proximal cilium was a tendency for IMPS of PF leaflets to be arranged in rows perpendicular to the ciliary long axis (Fig. 2, A and C) . IMPS of the rows were generally of the smaller size, whereas those of large size often occurred as larger aggregates similar to those aggregates seen in the inner segment ( Fig. 2A) . The IMP rows were not always distinct; in some cells short linear arrays of IMPS were seen and IMP density increased in a proximal to distal gradient (Fig. 2C ). This kind of trend in the arrangement of IMPS in PF leaflets was not related to developmental age. Similar variability was detected at each stage examined, including adults.
In contrast to the somewhat variable arrangement of IMPS on PF leaflets of the proximal cilium, those of the exoplasmic face (EF) leaflet were invariably arranged in the form of horizontal rows which contrasted dramatically with IMPS of the EF leaflets of adjacent inner segment plasma membrane (Figs. 28 and 4A) . The average density of these IMPS (1700 to 2200/pm*; area includes space between rows) was substantially greater than the average of EF leaflet densities of 499 and 332/gm2, respectively, for inner segment and distal ciliary membranes. Their size distribution in different preparations was unimodal with a peak representing 30 to 40% of the IMPS at 7 to 8 nm. The rings of IMPS on EF leaflets had an average repeat period of about 32 nm. This period corresponded closely to that of surface densities seen in thin sections (Fig. 48 ). After the ROS had formed (i.e., after day 5), the EF leaflet rings were found throughout the length of the connecting cilium proper as described previously for mature rat cilia (see Fig. 4A ).
Proximal and distal ciliary zones were also distinguishable in crosssections. In the proximal zone, the plasma membrane formed a near-circular profile around the axoneme and was linked to the axoneme by cross-linkers emanating from the junction of A and B subfibers of each doublet microtubule (Fig. 1 D) . The doublet microtubules appeared to lack distinct dynein arms but in the proximal region were radially associated by intermicrotubule cross-links which formed a dense central ring. The distal region was characterized by an irregular plasma membrane, a lack of plasma membrane-axoneme linkers, and substantial disorder in the arrangement of the axoneme (Figs. 1, 8 and C, 5C, and 70). It has been suggested that IMPS of EF leaflet rings, axonemal cross-linkers, and surface densities form a complex that may be involved in opsin transport in mature cells (Rahlich, 1975) .
Distribution of anti-opsin-binding sites. Anti-opsin-binding sites were found in high density on the plasma membrane of the distal cilium at all developmental stages examined (Figs. 5 and 6 ). In cells with formed ROS, anti-opsin binding was primarily associated with the ROS plasmalemma where it was densely and uniformly distributed (Fig. 6A) . Binding also extended onto the distal ciliary region from which discs form (Fig. 6A) . Binding sites were also evident at focal sites on the inner segment plasma membrane, but overall binding in the latter region was low compared to that of the ROS or distal cilium (Fig. 6A) . In the proximal ciliary zone, binding density was also low; in many cells anti-opsin binding was entirely lacking in this region (Figs. 5, A, B, D, and E, and 6A) .
At postnatal days, 5, 7, and 9 this pattern of anti-opsin labeling was applicable to virtually all cells examined. At postnatal day 3, a period prior to initial disc formation, labeled cells all exhibited the distinct pattern illustrated in Figure 5 . Howeve!, since all cells examined were not labeled, we carried out a frequency analysis of labeling patterns seen in the central retina which included a total of 532 photoreceptors. In 17 cells in which the entire ciliary shaft was visible, 9 exhibited the differentiated labeling pattern seen in Figure  50 . The other 8 cells had no label at all. Cell bodies were identified in all cells analyzed. Nine percent (48 cells) exhibited inner segment labeling that was of substantially higher density than described above. The remaining 91% exhibited either no label or occasional focal patches of label like that seen at later stages of development.
Distribution of glycoconjugates. Opsin is a glycoprotein that binds both Con A and WGA (Molday and Molday, 1979; Steinemann and Stryer, 1973) . Therefore, we evaluated the distribution of Con A-and WGA-binding sites for comparison to the distribution of opsin. Each ligand exhibited a general distribution over all photoreceptor surfaces. Con A-binding sites were associated with the plasma membrane, ciliary cell coat, and interphotoreceptor matrix (Fig. 7 ). All were specific as determined by hapten sugar inhibition (Figs. 48  and 8A ). The labeling density throughout the cilium was consistently higher than that of the inner segment plasma membrane. The binding of Con A to the proximal cilium was largely associated with the thick cell coat of this region (Figs. 7 and 8C ). In this region ferritin or gold particles were seen at variable distances from the membrane proper (Fig. 8C) . In the distal cilium and developing ROS, however, binding sites were more closely associated with the membrane surface (Figs. 7 and 88 ). Biotinylated Con A detected by avidin-ferritin using procedures similar to those in the immunocytochemistry revealed the same overall pattern of Con A binding.
Both indirect and direct labeling procedures revealed a similar pattern of WGA-binding sites on developing cells. WGA followed by ovomucoid-gold resulted in abundant labeling of the ciliary proximal zone (Fig. 9) . In most preparations fewer binding sites were detected in the distal ciliary zone and inner segment plasma membrane. Cross-sectional profiles exhibited dense packing of colloidal gold. However, occasional tangential sections suggested that WGA-binding sites were arranged in horizontal arrays reminiscent of those of IMPS seen on PF leaflets of the fractured proximal zone (Fig. 9E) . Abundant binding sites were also detected in the space surrounding cells: the interphotoreceptor matrix. This binding increased dramatically as outer segments developed and was so enriched with WGAbinding sites that penetration of ligand was reduced at later developmental stages and in adults.
Discussion
Structure of the developing photoreceptor cilium. Although morphogenesis of photoreceptor cilia has been described in several mammalian species (Tokuyasu and Yamada, 1959; DeRobertis, 1960; Galbavy and Olson, 1979; Greiner et al., 1981) , their structure Figure 4 . Freeze-fracture view of ciliary necklace IMP rows on an EF leaflet of the cilium of an adult (A) and thin section view of an 11 -day rat photoreceptor cilium (B). Note that /3 was incubated with 0.1 M cY-methylmannopyranoside and Con A as a control for specificity of Con A binding (see Figs. 7 and 8) . This figure illustrates the cell coat material associated with the proximal cilium. Note that the iepeat period of both IMP rows and surface globules is about 32 nm. Magnifications, A: x 93,000; B: X 94,500.
figure 5. Localization of opsin in the distal zone of photoreceptor cilia of 3-day-old rats. All cells were stained with bismuth subnitrate. A and /3 are crosssections through the proximal cilium and C is through the distal cilium. D and E are longitudinal sections. In E, processes from an adjacent pigment epithelial cell, identifiable in a larger field of view, surround the cilium. Individual retinal pigment epithelial cells occasionally remain adherent to retinas during isolation. As seen here, the presence of an adjacent retinal pigment epithelium cell did not prevent penetration of anti-opsin to the cilium, nor were membranes other than that of the distal cilium significantly labeled. Although focal labeling of inner segment plasma membranes is often seen, it is not apparent in D or E. Magnifications, A to C: x 104,500; D: x 68,750; E: x 84,250.
.r*r Membrane Domains of Connecting Cilium of Developing Rods remains poorly defined. A basic finding in our study is that photoreceptor cilia from the earliest developmental stage examined have properties in common with those described previously for adult rat (Matsusaka, 1974; Fiohlich, 1975) . Thus, prior to initial disc formation we have described two structural zones: a proximal zone which corresponds to what has been called the transitional zone of both adult photoreceptors (Rohlich, 1975) and motile cilia (Gilula and Satir, 1972) and a distal zone which corresponds to the outer segment and disc-forming region of mature photoreceptors (Rdhlich, 1975) . The principal structural features of the proximal zone include a dense surface coat, "bead-like" membrane structures with a longitudinal repeat period of about 32 nm, horizontal rows of IMPS (ciliary necklaces) on EF leaflets with an average repeat period of about 32 nm, and more densely packed IMPS in the PF leaflet, generally arranged as linear arrays or rows. Cross-linkers between doublet microtubules of the axoneme and the plasma membrane are also evident, particularly in cross-sectional views. Both dynein arms and a central pair of microtubules appear to be lacking (see Matsusaka, 1976) . Rohlich (1975) suggested that IMPS of ciliary necklaces and membrane globules are components of a transmembrane complex cross-linked to the axoneme. Although a possible barrier role of such an arrangement is evident, recent evidence from motile cilia suggesting that a membrane-associated ATPase is cross-linked to the axoneme (Dentler et al., 1980) raises the possibility that these structures may also be involved directly in the generation of a highly polarized distribution of opsin.
Distribution of opsin, glycoconjugates, and IMPS. The distribution of immunoreactive opsin, glycoconjugates, and IMPS is best understood in relationship to the structural features outlined above. Opsin was detected in greatest concentration in the distal ciliary zone in early stages and in the ROS plasma membrane at later stages. It was also found at focal sites on the inner segment plasma membrane but was rarely detected in the ciliary proximal zone. This distribution for developing photoreceptors is comparable to that reported for mature rat (Papermaster and Schneider, 1982; Nir et al., 1984) and frog (Nir and Papermaster, 1983) photoreceptors. The differentiated labeling pattern is also comparable to that recently reported for developing rat photoreceptors at postnatal day 5 and later (Nir et al., 1984) . Although the latter authors emphasized labeling of the inner segment plasma membrane prior to postnatal day 21, they also demonstrated a paucity of label in the proximal cilium and concentration of label in the distal cilium. Our observations differ principally .in that we detected substantially less labeling of the inner segment plasma membrane at all stages examined, and we obtained positive evidence for preferential accumulation of opsin in the distal cilium during postnatal day 3. The latter observation is of some importance because it shows that, prior to the onset of disc morphogenesis, a mechanism exists for delivery and concentration of opsin in distal ciliary membrane.
The pattern of anti-opsin labeling was not congruent with the distribution of glycoconjugates detected by Con A and WGA. Even ihough opsin binds both lectins (Steinemann and Stryer, 1973; Figure 7 . Con A labeling by the direct procedure shows heavy labeling over the cilium and developing ROS of a 7-day rat photoreceptor. Label IS heaviest over the cilium proper and less dense over the inner segment plasma membrane. Note the association of Con A with the cell coat some distance from the plasma membrane in the proximal ciliary region. Magnification X 57,500. Molday and Molday, 1979) , we found that the proximal cilium, the region of lowest opsin density, bound both lectins to its cell coat, and the reaction with WGA in this zone was generally more intense than in distal cilium or inner segment. This observation suggests a degree of heterogeneity in the nature of the glycoconjugates in the three membrane domains. The well developed cell coat in the zone of lowest opsin immunoreactivity also raises the possibility that some antigenic determinants are "masked" by cell coat material. However, the generalized distribution of lectin-binding sites over inner segment plasma membrane, proximal cilium, and distal cilium using several different detection systems suggests that the differentiated pattern of anti-opsin-binding sites cannot be explained trivially as lack of access of reagents to all cell surfaces.
The extensive labeling of the distal cilium and outer segment plasmalemma with anti-opsin was correlated with a dense array of IMPS in freeze-fracture replicas with a modal size of about IO nm. Such IMPS have been found to be characteristic of opsin-containing membranes in a variety of species (Hong and Hubbell, 1972; Corless et al., 1976; Besharse and Pfenninger, 1980) . In our previous freezefracture analysis of mature Xenopus photoreceptors (Besharse and Figure 8 . Con A binding revealed by colloidal gold in 5day rats. A, Cell from an incubation treated with 0.1 M cY-methylmannopyranoside during the Con A binding step. 8, Con A binding to the plasma membrane of a developing outer segment. Cross-sections of proximal (C) and distal (D) cilium are also illustrated. Note the association of Con A with the cell coat some distance from the plasma membrane at the proximal cilium (C) and its closer association with the membrane of the outer segment (B). Magnifications, A: X 82,500; 13: X 50,750; C and D: X 113,000.
Pfenninger, 1980), we argued that the similarity in size distribution distal cilium. Furthermore, the sparse anti-opsin labeling of proximal of IMPS in PF leaflets of ciliary plasma membrane and outer segment cilium and inner segment plasma membrane correlates with the suggested identity of a major intrinsic membrane protein of both relative rarity of larger IMPS in those membrane compartments. IMP membrane systems. Because the IMP of PF leaflets in the ROS distributions in both proximal cilium and inner segment were generdepends on the presence of opsin (Hong and Hubbell, 1972 ; Corless ally bimodal, and the larger IMPS often formed small aggregates in et al., 1976), it seemed reasonable to suggest that ciliary and both zones that were similar in IMP size and packing to those seen cytomembrane IMPS of similar size also reflected the distribution of in the distal cilium and outer segment. Thus, we find a general opsin. This view is in accord with the present results regarding the correspondence between anti-opsin labeling density and density of --" Vol. 5, No. 4, Apr. 1985 Figure 9. WGA labeling of developing cilium. A, A cell from a retina treated with 0.1 M NJ-diacetylchitobiose during the lectin-labeling period. B, A cell labeled with WGA typically shows heavy labeling over the entire cilium and inner segment plasma membrane. Labeling is heaviest in the proximal cilium (arrow). C and D, Ciliary cross-sections through the proximal and distal zones, respectively. E, A longitudinal tangential section of an unstained proximal zone showing the tendency of colloidal gold particles to form scalloped rows reminiscent of ciliary necklaces. A to D, from 7-day rats; E, from 3-day rat. Magnifications, A: X 71,750; B: X 71,750; C and 0: X 113,500; E: X 76,000.
